Development of new antimicrobial agents is increasingly important due to the resistance of microbes to the known antimicrobial drugs. In the present work substituted benzoic acid hydrazides (1-10) were condensed with substituted aromatic and heteroaromatic aldehydes to yield the target products (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . The synthesized compounds were tested in vitro for their antimicrobial activity against Gram positive, Gram negative bacterial and fungal species. The QSAR analysis applied to determine the correlation of antimicrobial activity of substituted hydrazide derivatives with their physicochemical properties indicated the importance of electronic parameters, dipole moment (µ) and energy of lowest unoccupied molecular orbital (LUMO) in describing antibacterial and antifungal activity respectively.
Introduction
Disease causing microbes that have become resistant to drug therapy are an increasing public health problem nowadays. 1 There is a real need for discovery of new compounds endowed with antimicrobial activity, possibly acting through mechanisms of actions, which are distinct from those of well known classes of antimicrobial agents to which many clinically relevant pathogens are now resistant. 2 Hydrazide analogues also possess other biological activities like anticonvulsant, 3 antidepressant, 4 anti-inflammatory, 5 antimalarial, 6 antimycobacterial, 7 anticancer 8 and antimicrobial [9] [10] [11] [12] activities. QSAR is one of the oldest and most widely used methods in computational drug design. It employs statistical methods (typically regression) to derive quantitative relationships linking chemical structure and biological activity. 13 In view of the above discussion and as a part of our ongoing project devoted to the synthesis and QSAR studies of biologically active molecules, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] in the present study we report the
Results and Discussion
The reaction between substituted benzoic acid and thionyl chloride yielded corresponding acid chlorides, which on reaction with hydrazine afforded the corresponding hydrazides (1-10) in appreciable yield. Further the hydrazides were condensed with substituted aldehydes to yield the substituted benzoic acid benzylidene/furan-2-yl-methylene hydrazides (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (Scheme 1). The physicochemical data of synthesized compounds are presented in Table 1 .
The structures of compounds 1-20 were assigned by IR and 1 H-NMR spectroscopic data, which are consistent with the proposed molecular structures. Presence of two aromatic rings in structure of compound 19 was confirmed by strong out of plane deformation (C-H) bending at 795.58 cm -1 in its IR spectra. Moreover, presence of aryl primary amine group in compound 19
was indicated by appearance of strong bands at 1280.65 cm -1 (C-N stretching of aryl primary amine) in IR spectra. The presence of the Cl atom in compound 6 and NO 2 group in compound 3 were indicated by the appearance of peaks at 731.94 cm -1 and 1524.62 cm -1 respectively. 1 H-NMR spectral study gave the multiplet signal between 6.5-8.5 δ ppm, which is indicative of aromatic proton. The compound 5 showed singlet at δ 2.33 ppm due to the CH 3 group (Ar -CH 3 ), and a multiplet at δ 7.16-7.83 ppm was observed for aromatic protons. The presence of multiplets at δ 6.50-6.52 ppm and 6.70-7.78 ppm indicated the presence of aromatic protons of furan (3H) and benzene (4H) ring of compound 19. Further the presence of the N=CH fragment in compound 19 was indicated by appearance of a signal at δ 7.36 ppm.
Twenty compounds were screened in vitro for their antimicrobial activities against two Gram positive bacteria -Staphylococcus aureus, Bacillus subtilis; Gram negative bacteriumEscherichia coli and a fungal strain -Aspergillus niger by two fold tube dilution method 27 and their antimicrobial activity was compared with ciprofloxacin and fluconazole as control drugs for antibacterial and antifungal activity respectively. The results of antimicrobial evaluation are presented in Table 2 . The compounds showed better antibacterial activity than their antifungal activity. The deduced patterns of antimicrobial activity of substituted hydrazides are in the following order. The role of electron withdrawing group in improving antimicrobial activities is supported by the studies of Sharma et al. 29 (c) From the analysis of structures of most active antibacterial compounds 11, 12 and 16 it may be concluded that among the electron-withdrawing groups (-NO 2 , -Cl, -Br), the halo groups on the aromatic ring are necessary for the antibacterial activity.
B. subtilis > E. coli > S. aureus > A. niger.
Further it may be possible that the introduction of electron-withdrawing halo group on the second aromatic ring may further improve the antibacterial activity of these compounds. (d) The introduction of an additional electron-withdrawing halo group (-Cl) to the compounds 10 and 13 did not appreciably improve antimicrobial activity in comparison to compound 7 which contains NO 2 group as an electron-withdrawing moiety as in case of compounds 10 and 13. This indicated that the introduction of NO 2 group may improve antifungal activity. (e) From the points (c) and (d), it may be concluded that the introduction of NO 2 group as an electron-withdrawing moiety to aromatic ring may improve antifungal activity, whereas introduction of halo group to aromatic ring as an electron-withdrawing moiety may improve antibacterial activity. This further supports the fact that different structural requirements are necessary for antibacterial and antifungal activity of substituted hydrazides. The SAR analyses of substituted hydrazides are summarized in Figure 1 . In order to identify substituent effect on antimicrobial activity, quantitative structure-activity relationship (QSAR) studies of title compounds were performed. Biological activity data (MIC) were calibrated to their logarithmic values (pMIC) in micromoles and are listed in Table 2 . The compounds were analyzed by physicochemical-based QSAR (Hansch) approach using different physicochemical parameters [30] [31] [32] [33] [34] [35] [36] (Table 3) as independent and pMIC values as dependent variables. These QSAR descriptors of substituted hydrazides were calculated using the molecular package TSAR 3.3 for Windows 37 and the value of selected descriptors used in the regression analysis are presented in Table 4 . A correlation analysis was performed on all the descriptors, depending on the intercorrelation among the independent descriptors and also their individual correlation with antimicrobial activity. The correlation matrix elicited in Table 5 , indicates the correlation of antibacterial activity of substituted hydrazides with S. aureus. The correlation matrix depicted in Table 5 indicated that there is a high autocorrelation (r > 0.7) observed between the molecular descriptors except with dipole moment (µ) and energy of lowest unoccupied molecular orbital (LUMO). The high and low autocorrelation was observed between κ 1 and κα 1 (r = 0.996) and log P and LUMO (r = 0.017) respectively. The antibacterial activity of substituted hydrazides against S. aureus is best described using the molecular descriptor, dipole moment (r = -0.916, Eq. 1). Here and thereafter, n -number of data points, r -multiple correlation coefficient, q 2 -cross validated r 2 obtained by leave one out (LOO) technique, s -standard error of the estimate and FFischer statistics.
QSAR model for antibacterial activity against
The negative coefficient of µ in the Eq. 1 indicates that there is a negative correlation between the antibacterial activity of substituted hydrazides and µ. This is evidenced by the antibacterial activity data of substituted hydrazides (Table 2) and their µ values (Table 4) . The importance of dipole moment in modulating antibacterial activity of substituted hydrazides against S. aureus may be due to the presence of carbonyl group (C + -O -) where permanent polarization is seen due to electronegativity difference between the atoms. This permanent polarization may results in a dipole-dipole interaction with antibacterial target. 38 Squared correlation coefficient (r 2 ) of 0.839 in Eq. 1 explains 83.9 % variance in antibacterial activity against S. aureus. Eq. 1 also indicated statistical significance of > 99.9 % with F value of 93.95. Similarly the cross validation of obtained Eq. 1 was subsequently checked by employing "leave one out" (LOO) method. 39 The q 2 value of Eq. 1 (q 2 = 0.778; q 2 > 0.5) qualify it to be a valid model according to recommendations of Golbraikh and Trophsa. 40 In order to confirm our results we have predicted the antibacterial activity of substituted hydrazides against S. aureus using Eq. 1. The comparison of observed and predicted values (Table 7 ) demonstrated that they are close to each other evidenced by the low residual activity values. Further it is supported by the plot of pMIC sa observed vs pMIC sa predicted (Fig. 2) . To determine the existence of systemic error in the model development we have plotted pMIC sa observed against pMIC sa residual values (Fig. 3) . The propagation of residuals on both sides of zero indicated that there is no systemic error in the development of QSAR model. 41 The QSAR models elicited in Eq. 2 -Eq. 4 are developed to predict the antimicrobial activity of substituted hydrazide derivatives against B. subtilis, E. coli and A. niger. Predicted pM ICsa Eq. 2 describes the importance of randic topological index (R) and dipole moment (µ) in demonstrating antibacterial activity of substituted hydrazide derivatives against B. subtilis. As in case of S. aureus the negative correlation has been observed with dipole moment where as randic topological index gave positive contribution. It is important to note the addition of randic topological index to the dipole moment significantly improved the correlation from r = 0.681 (Table 6 ) to 0.905 (Eq. 2) on MLR analysis. Further, it is important to note that the autocorrelation between R and µ are also low (r = 0.500), which justifies their combination.
The model depicted in Eq. 3 describes the statistically significant relationship between molar refractivity (MR) and dipole moment (µ) in describing the antibacterial activity of substituted hydrazide derivatives against E. coli. In this case also the positive and negative relationship was observed between MR and µ respectively with their antibacterial activity. The positive contribution of molar refractivity towards the activity is possible due to steric interaction in polar spaces. All the synthesized compounds bearing para and ortho electron withdrawing substituents have been found to be more active than the compounds bearing electron withdrawing group at meta position indicated that meta substitution decreases the activity against E. coli where as ortho or para substitution increases the antibacterial activity of substituted hydrazide derivatives against E. coli. This is in contrary to the results observed by A. Kumar et al. 42 The model described in Eq. 4 indicated the importance of electronic parameter LUMO (r = 0.823, Table 6 ) in demonstrating antifungal activity of substituted hydrazide derivatives against A. niger. It is important to note that electronic parameter dipole moment (µ) which was effective in describing antifungal activity (Eq. 1-3) of substituted hydrazide derivatives was found ineffective in describing the antifungal activity (r = 0.342, Table 6 ). This supports the fact described in the structure activity relationship that different structural requirements are necessary for a substituted hydrazide derivative to be active against fungal strains.
The electronic parameter LUMO, which denote the energy of lowest unoccupied molecular orbital directly relates to the electron affinity and characterizes the sensibility of the molecule towards an attack by necleophile 43 . The contribution of LUMO in describing antifungal activity may be attributed to the interaction of substituted hydrazide derivatives with nucleophilic amino acid residue like cysteine of fungi. (Table 7) indicated the validity and predictability of Eqs. 2 -4. Further their predictability was supported by the plot of predicted pMIC against observed pMIC (Fig. 4 -Fig. 6 ).
It is important to note that Eq. 1 -Eq. 4 are derived using the entire data set and no outliers were found during model development. Even though the sample size and the 'Rule of Thumb' allowed us to go for development of tetra-parametric model in multiple linear regression analysis, the high interrelationship among the parameters restricted us for mono-parametric model in case of S. aureus and A. niger. The 'rule of thumb' gives information about the number of parameters to be selected for regression analysis in QSAR based on the number of compounds. 22 According to this rule for QSAR model development one should select one parameter for a five-compound data set. The multi-colinearity occurs when two independent variables are correlated with each other. One should note that the change in signs of the coefficients, a change in the values of previous coefficient, change of significant variable into insignificant one or an increase in standard error of the estimate on addition of an additional parameter to the model are indications of high interrelationship among descriptors. 22 Generally for QSAR studies, the biological activities of compounds should span 2-3 orders of magnitude. But in the present study the range of antimicrobial activities of the synthesized compounds is within one order of magnitude. But it is important to note that the predictability of the QSAR models developed in the present study is high evidenced by the low residual values (Table 7) . This is in accordance with results suggested by the Bajaj et al. 45 , who stated that the reliability of the QSAR model lies in its predictive ability even though the activity datas are in the narrow range. Further, recent literature reveals that the QSAR have been applied to describe the relationship between narrow range of biological activity and physicochemical properties of the molecules. 42, [46] [47] When biological activity data lies in the narrow range, the presence of minimum standard deviation of the biological activity justifies its use in QSAR studies. 19, 24 The minimum standard deviation (Table 2 ) observed in the antimicrobial activity data justifies its use in QSAR studies. 
Conclusion
In conclusion, a series of substituted hydrazide derivatives have been synthesized and their in vitro antimicrobial activity was evaluated against four representative microorganisms. The results of antimicrobial study indicated that the presence of halo group in aromatic ring improved antibacterial activity, whereas the presence of nitro group improved antifungal activity of substituted hydrazides. To understand the relationship between physicochemical parameters and antimicrobial activity of substituted hydrazide derivatives, QSAR investigation were performed and the QSAR results indicated the predominance of electronic parameters, dipole moment, µ and the energy of lowest unoccupied molecular orbital, LUMO in describing the antimicrobial activity of synthesized compounds.
Experimental Section
General Procedures. Starting materials were obtained from commercial sources and were used without further purification. Solvents were dried by standard procedures. Reaction progress was observed by thin layer chromatography making use of commercial silica gel plates (Merck), Silica gel F 254 on aluminum sheets. Melting points were determined in open capillary tubes on a Sonar melting point apparatus and are uncorrected. 1 
Evaluation of antimicrobial activity
The antimicrobial activity was performed against Gram-positive bacteria: Staphylococcus aureus, Bacillus sublitis, Gram-negative bacterium: E.coli and a fungal strain: Aspergillus niger. The minimum inhibitory concentration (MIC) was determined by tube dilution method. Two fold dilutions of test and standard compounds were prepared in double strength nutrient broth -I.P.
(bacteria) or Sabouraud dextrose broth I.P. 48 (fungi). The samples were incubated at 37 0 C (bacteria) for 24 h and at 25 0 C (fungi) for 7 d and the results were recorded. Growth of microorganism was determined visually. The lowest concentration at which there was no visible growth (turbidity) was taken as MIC.
QSAR studies
The details of molecular descriptors are available in literature and therefore they are not discussed over here. [30] [31] [32] [33] [34] [35] [36] The structures of substituted hydrazide derivatives are first preoptimized with the Molecular Mechanics Force Field (MM + ) procedure included in Hyperchem 6.03, 49 and the resulting geometries are further refined by means of the semiempirical method PM 3 (Parametric Method-3). We chose a gradient norm limit of 0.01 kcal/A˚ for the geometry optimization. The lowest energy structure was used for each molecule to calculate physicochemical properties using TSAR 3.3 software for windows. 37 Further the regression analysis was performed using the SPSS software package.
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Cross-validation
The models were cross-validated by the 'leave one out' scheme 39 where a model is built with N-1 compounds and the N th compound is predicted. Each compound is left out of the model derivation and predicted in turn. An indication of the performance of the model is obtained from the cross-validated (or predictive q 2 ) method, which is defined as, q 2 = (SD-PRESS/SD).
Where, SD is the sum of squares deviation for each activity from the mean. PRESS (predictive sum-of-squares) is the sum of the squared difference between the actual and that of the predicted values when the compound is omitted from the fitting process. The model with high q 2 value is said to have high predictability.
